Little is known of the dynamics of plant cell wall matrix polysaccharides in response to the impact of mechanical stress on plant organs. The capacity of the imposition of a mechanical stress (periodic brushing) to reduce the height of the inflorescence stem of Arabidopsis thaliana seedlings has been used to study the role of pectic arabinans in the mechanical properties and stress responsiveness of a plant organ. The arabinan-deficient-1 (arad1) mutation that affects arabinan structures in epidermal cell walls of inflorescence stems is demonstrated to reduce the impact on inflorescence stem heights caused by mechanical stress. The arabinan-deficient-2 (arad2) mutation, that does not have detectable impact on arabinan structures, is also shown to reduce the impact on stem heights caused by mechanical stress. The LM13 linear arabinan epitope is specifically detected in epidermal cell walls of the younger, flexible regions of inflorescence stems and increases in abundance at the base of inflorescence stems in response to an imposed mechanical stress. The strain (percentage deformation) of stem epidermal cells in the double mutant arad1 Â arad2 is lower in unbrushed plants than in wild-type plants, but rises to wild-type levels in response to brushing. The study demonstrates the complexity of arabinan structures within plant cell walls and also that their contribution to cell wall mechanical properties is a factor influencing responsiveness to mechanical stress.
Introduction
Plants, being sessile, are adapted to withstand environmental impacts and stresses-a major impact being mechanical disturbance by other organisms and also by environmental factors such as wind, rain and hail. The impacts of wind or controlled periodic mechanical stresses on plant growth, generally leading to reduced stature, are clear and often dramatic (Biddington 1986 , Mitchell 1996 . There is some understanding of plant biomechanics and thigmomorphogenesis responses to mechanical stress, and this is generally at the level of organ growth. The initial steps in mechanosensing by cells are being elucidated (Telewski 2006 , Chehab et al. 2009 ). This appears to involve reactive oxygen species and the mobilization of calcium ions from cell walls with a focus on the cytoskeleton-plasma membrane-cell wall interface (Telewski 2006 , Chehab et al. 2009 ). Cell walls are major contributors to plant form and, through their either rigid or viscoelastic properties, to the biomechanics of organs. Cell walls contribute to the shape and the function of plant organs through defined individual cell surfaces, as well as through the organ-strengthening contributions of internal vascular and fiber cells with thickened cell walls. Cell walls also mediate cell-cell adhesion that is responsible for organ integrity and organ robustness that are required to withstand and respond to mechanical impacts. However, the extensive molecular and biochemical knowledge of cell wall matrix macromolecules and cell wall molecular architectures is not well integrated with an understanding of cell surface thigmomorphogenetic and mechanosensing processes or, indeed, of cell and organ biomechanics in general.
The molecular architectures of cells are mostly comprised of sets of polysaccharides configured in insoluble composites. The major polysaccharides present in cell walls are well documented in biochemical terms, they are structurally diverse and are currently classed as cellulose and sets of non-cellulosic or matrix polysaccharides. Non-cellulosic polymers include xyloglucans, heteroxylans and heteromannans (that are often classed as hemicelluloses), and pectic polysaccharides (Burton et al. 2010) .The cell biological knowledge of these non-cellulosic polysaccharides is not well developed and our understanding of how the glycan components of cell walls are interlinked and Plant Cell Physiol. 54(8): 1278 Physiol. 54(8): -1288 Physiol. 54(8): (2013 doi:10.1093/pcp/pct074, available online at www.pcp.oxfordjournals.org ! The Author 2013. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. All rights reserved. For permissions, please email: journals.permissions@oup.com distributed in relation to cell types and functionality is limited. Pectic polysaccharides occur within complex macromolecular polymers in which the major elements or domains are homogalacturonan (HG), xylogalacturonan, an HG-associated rhamnogalacturonan-II (RG-II) and RG-I (Caffall and Mohnen 2009, Burton et al. 2010) . The RG-I set of polymers accounts for in the region of 30% of this polymer class (Caffall and Mohnen 2009) . Biochemical and in situ analyses indicate that RG-I polymers are highly heterogeneous and are based on an RG backbone with alternating rhamnosyl and galacturonosyl residues. The rhamnosyl residues can act as points of attachment for neutral side chains, and 1,4-galactan and 1,5-arabinan polysaccharides are major features of these side chains (Caffall and Mohnen 2009) . In functional terms, RG-I is not well defined, although both galactan and arabinan polymers are implicated in contributing to cell wall mechanical properties and to cell wall flexibility (McCartney et al. 2000 , Jones et al. 2003 , Jones et al. 2005 , Moore et al. 2008 . Pectic arabinans are a complex set of cell wall polysaccharides in which the 1,5-arabinan backbones can variously be branched at O-2 or O-3 by single arabinosyl residues or short side chains (Beldman et al. 1997, Caffall and Mohnen 2009) . Arabinans appear to be highly developmentally regulated in terms of their fine structures, as revealed by sets of monoclonal antibodies-one of which, LM13, is directed to unbranched (linear), highly arabinanasesensitive stretches of 1,5-arabinan polymers (Verhertbruggen et al. 2009) .
It has been shown that 30 min after mechanical stimulation of Arabidopsis thaliana seedlings by bending, the expression of 760 genes was modulated (Lee et al. 2005 ). This included a significant up-regulation of cell wall-modifying enzymes including xyloglucan transferase/hydrolases, and the only factors identified in relation to pectin metabolism were pectin esterases which were up-regulated (Lee et al. 2005) . Other tools for cell wall analysis include mutations in A. thaliana that have altered polymer structures, and these can be used to study impacts on growth and plant processes. Two such mutations are in ARAD genes that are associated with the synthesis of pectic arabinan. Gene At2g35100/ARABINAN DEFICIENT 1 (ARAD1) and gene At5g44930/ARAD2, which belong to group B of the CAZY (Cantarel et al. 2009 ) glycosyltransferase (GT) family 47, have been disrupted by T-DNA insertion which enabled the generation of, respectively, arad1 and arad2 mutants (Harholt et al. 2006 , Harholt et al. 2012 . ARAD2 is the closest homolog of ARAD1, with 65% identity, and ARAD1 and ARAD2 are not functionally redundant (Harholt et al. 2012) . It has been shown that arad1 has, relative to the wild type, a 25% and 54% reduction of arabinan in leaves and stems, respectively, with no other cell wall polymer content being decreased by the gene disruption (Harholt et al. 2006) . No morphological alteration has been observed under standard growth conditions for either arad1 or arad2.
In this report, we utilize A. thaliana plants with the arad1 and arad2 mutations and the monoclonal antibody LM13, directed to linearized arabinan, to demonstrate an involvement of cell wall pectic arabinans in the thigmomorphogenesis response of A. thaliana inflorescence stems to mechanical stress.
Results
arabinan deficient (arad) mutants display an altered response to mechanical stress in terms of inflorescence stem length reduction A protocol was developed to study the impact of mechanical stress on the growth and morphology of inflorescence stems of A. thaliana. This was based on a method first described for sugar beet plants that demonstrated morphological alteration in response to an imposed mechanical stress (Takaki et al. 1977) . Once the inflorescence stems began to grow, seedlings were brushed with a 12 mm diameter paint brush for 10-15 s each, three times per day for 7 d. An example of the brushing regime is shown as Supplementary Video S1. To avoid any effects of variable growth conditions for each experiment, all genotypes were grown concurrently in the same growth space, and trays of plants were rotated in the glasshouse once per day. Inflorescence stem lengths were measured after 7 d of mechanical stimulation and then stems were harvested for mechanical testing.
In all cases, the imposed mechanical stress resulted in shorter inflorescence stems and the earlier appearance of, and an increase in the number of, lateral organs (siliques, lateral stems and leaves), relative to unstressed plants, as shown in Fig. 1 . Stem length measurements indicated a significant reduction when wild-type seedlings were mechanically stressed and that this reduction was less for seedlings with the arad mutations including both arad1 and arad2 and the double mutant (Fig. 1) . Wild-type seedlings exhibited a 65% reduction in stem height when the seedlings were mechanically stressed compared with unbrushed seedlings. The equivalent reductions for arad1, arad2 and arad1 Â arad2 were 40, 30 and 45% respectively (Fig. 1) . The growing inflorescence stems of the arad mutants therefore appeared to be less sensitive, in terms of stem length reduction, to the imposed mechanical stress.
The reduction of stem length induced by mechanical stress has been shown in several species to be accompanied by an increase in radial growth (Biddington 1986) . No significant differences were observed in the diameter of inflorescence stem bases between the stressed seedlings and the controls (Supplementary Table S1 ).
arabinan deficient mutants have more rigid inflorescence stems but respond in a similar way to the wild type in increasing rigidity in response to mechanical stress
To explore the impacts of the 7 d mechanical stress on the stem mechanical properties, compressive tests were carried out. For each condition and each genotype, 10 excised regions of inflorescence stem bases (1 cm distal from the rosette, 1 cm length) were aligned and compressed by a 2 cm diameter steel cylinder moving down at a constant speed (0.01 mm s
À1
). The stem materials were compressed to a target strain of 30% and the force of resistance produced by the stems was recorded over time once the force of compression reached 0.05 N. As shown in Fig. 2 , the maximal force of resistance produced by the mechanically stressed (brushed) stems during the compression was significantly higher than that of control (unbrushed) stems for all genotypes. Therefore, the imposed mechanical stress induced an increased stiffness of the stem bases. The maximal force at deformation in unbrushed plants was significantly lower in the wild type compared with the arad mutants (Fig. 2) . This suggests that in the absence of mechanical stress, the stems of arad mutants are more rigid than wild-type stems. The imposed mechanical stress resulted in elevated maximal forces at deformation and these induced modifications of the mechanical properties of the stems resulted in similar compressive properties for all genotypes (Fig. 2) .
The LM13 pectic arabinan epitope is restricted to epidermal cell walls of young regions of A. thaliana inflorescence stems As previously described (Moller et al. 2008 , Verhertbruggen et al. 2009 ), in transverse sections of the A. thaliana inflorescence stems the detection of the LM13 epitope-an unbranched a-1,5-arabinan feature made of at least five arabinosyl residues-is restricted to epidermal cell walls. This is in contrast to the LM6 arabinan epitope (two a-1,5-arabinosyl residues) that is present in all cell walls of the stem (Verhertbruggen et al. 2009 ). It has also been demonstrated that the detection of the LM13 epitope is reduced in plants with the arad1 and arad1 Â arad2 mutations (Harholt et al. 2012 ). These observations indicate that the arabinan polymers in the epidermal cell walls are more structurally linearized (i.e. less branched) than arabinan polymers elsewhere in the stem. A detailed study of the epidermal stem cell walls at the top, middle and base regions of approximately 30 cm high Col-0 stems (approximately 50 d growth) indicated that the epidermal cell wall occurrence of the LM13 epitope was more readily detected in younger regions of stems and declined in abundance towards the base of the stem (Fig. 3) . At the top of inflorescence stems, the LM13 epitope was particularly abundant at the external tangential walls of the epidermal cells (Fig. 3B) . Analysis of higher magnification micrographs ( Fig. 3H ) revealed that the LM13 epitope was associated with the thick outer epidermal cell walls, abundantly in inner cell wall regions and at cell junctions, indicating complex cell wall heterogeneity at the level of individual cells in relation to arabinan occurrence. In contrast to the detection of the LM13 epitope, the LM6 epitope did not show a decline in abundance down inflorescence stems. In contrast, as shown in Fig. 3G , the LM6 detection increased in the radial epidermal cell walls, emphasizing the heterogeneity of arabinan polymers within a single cell/tissue. To determine if the gradient of LM13 arabinan epitope detection along the stem related to the height of inflorescence stems or their developmental stage, immunodetection of the LM13 epitope was performed on sections of equivalent base regions of stems of heights of 5, 10, 20 and 30 cm. As shown in Fig. 4 , the LM13 epitope detection pattern related to developmental stage and was no longer abundantly detected at the base of inflorescence stems that were !20 cm in height. The LM13 epitope detection was maximal when the stems reached an average height of 10 cm. In comparison with the LM13 epitope, the detection of the LM6 epitope did not vary significantly in abundance as stems grew.
Imposition of mechanical stress leads to increased detection of the LM13 arabinan epitope in epidermal cell walls of inflorescence stems
Immunolabeling of A. thaliana inflorescence stems subject to 7 d mechanical stress indicated that detection of the LM13 epitope was increased in the mechanically stressed stems, and this was apparent in the wild type, arad1, arad2 and the arad1 Â arad2 double mutant, as shown in Fig. 5 . Although clear morphological alterations to the plants required 7 d of mechanical stimulation, the increase of the LM13 epitope could be detected within 6 h of the onset of the mechanical stress ( Supplementary Fig. S1 ). Increased detection of the LM13 epitope in the wild type and arad2 was throughout the entire epidermal cell walls, whereas in arad1 and arad1 Â arad2, the increased detection of the LM13 epitope was most apparent at cell junctions and in the outer surface of cell walls where it was originally absent. There was also a difference, amongst the plants with mutations, in relation to the developmental gradient of the LM13 epitope. In all plants, the imposition of the mechanical stress resulted in an increase in LM13 abundance in epidermal cell walls while maintaining the gradient of occurrence from top to base ( Supplementary Fig. S2 ). Unstressed arad1 and arad1 Â arad2 plants exhibited a low level of LM13 detection. After 7 d of mechanical stress, the level and gradient of detected LM13 epitope were equivalent to those of the unstressed wild type and arad2.
arad mutants display altered epidermal cell mechanical properties that can be ameliorated by mechanical stress
To investigate the potential function of the LM13 arabinan epitope in the mechanical properties of the epidermis-the tissue where the epitope is specifically located-penetrative assays were carried out on stem bases from approximately 50-day-old plants with a needle with a 0.5 mm diameter. In the wild type, the mean of the maximum force required to penetrate the epidermis was significantly higher when plants were subjected to a 7 d mechanical stress during growth (Fig. 6) , indicating that the imposed mechanical stress induced an increase of the epidermal stiffness. Regardless of the conditions (unbrushed/brushed), the maximal force of penetration was not significantly different at a 95% confidence level between the arad mutants and the wild type (Fig. 6A) . Thus, neither ARAD1 nor ARAD2 is directly associated with the generation of epidermal cell wall rigidity in unbrushed plants. The strain, however, calculated as the percentage of deformation undergone before rupture in relation to the stem diameter, decreased gradually from the wild type to the double mutant as follows: wild type > arad1 > arad2 > arad1 Â arad2, and showed not only a clear phenotype for arad2 but also an enhanced phenotype for the double mutant arad1 Â arad2 which was most easily ruptured (Fig. 6B) . There was no difference in recorded strain between unbrushed and brushed wildtype plants, indicating that the percentage of deformation tolerated by the epidermis was already maximal in the unbrushed plants and for all genotypes when mechanically stressed. Consequently, the ratio 'strain of unbrushed stem/strain of brushed stem' increased from the wild type to arad1 to arad2 to the double mutant. Altogether, the results suggest that a maximal tolerance to deformation was reached in all genotypes after brushing. Moreover, mechanical stress induced an increase in elasticity in the epidermal cells of the arad mutants. Under standard growth conditions, the arad mutants displayed a reduced ability to be deformed, indicating reduced elasticity/flexibility of the epidermal cells compared with the wild type-presumably due to compromised or disrupted arabinan structure. For the first time, a cumulative effect of the mutations has been revealed as the double mutant was even less elastic than arad1 or arad2. However, the arad mutants could respond to mechanical stress by maximizing stem resistance to deformation, indicating that mechanical stimulation could, to some extent, ameliorate the consequence of altered arabinan structures.
Discussion

Pectic arabinans and cell wall properties
Plant cell walls are structurally highly complex and also display high levels of cell and developmental structural heterogeneity (Burton et al. 2010) . Pectic arabinans, associated with the RG-I set of pectic polymers, have been implicated in the generation of cell wall flexibility and are known to display spatial heterogeneity in terms of the extent of side chains arising from 1,5-arabinan backbones (Jones et al. 2003 , Ha et al. 2005 , Moore et al. 2008 , Verhertbruggen et al. 2009 ). It is clear that pectic arabinans are integrated within cell wall structures and thus participate in the mechanical and functional properties of plant cell walls.
How arabinans act to modulate the flexibility of cell walls is not understood. This study is suggestive that, for the epidermal cell walls of A. thaliana inflorescence stems, a reduction in the occurrence of the LM13 linear arabinan epitope can be associated with increased stem stiffness and reduced strain of outer epidermal cell walls. The LM6 arabinan epitope is widely distributed in cell walls of the inflorescence stem (and other plant organs), whereas the LM13 linear, arabinanase-sensitive epitope is restricted in its detection to epidermal cell walls of younger, elongating regions of inflorescence stems-where it could be argued that greater organ flexibility is required. Is this indicative of a structural requirement for less branched arabinan to maintain the flexibility of these stem regions relative to basal regions? An additional possibility is that there is a structural requirement for stretches of arabinan that can be acted upon by arabinanase enzymes during elongation growth.
Unlike the majority of cell wall polymers, arabinan has been biochemically demonstrated to be extremely variable between species in terms of its precise structure (Nakamura et al. 2002 , Mohnen 2008 , Zheng and Mort, 2008 . Evidence for the heterogeneity of arabinans between species and even cell types from the same species have also been observed by in situ analyses (Guillemin et al. 2005 , Verhertbruggen et al. 2009 ). Moreover, small fractions of arabinans extracted with cellulose and hemicelluloses and that are believed to cross-linked with these polymers, for example, in sugar beet, olive and cherry (Cardoso et al. 2007 , Zykwinska et al. 2007 , Basanta et al. 2013 , suggest a function for these subclasses of arabinans different from that of the majority of arabinans extracted in the pectic pool. Modulations of the arabinan ratio in the total cell wall content of potato tubers through endo-arabinanase have suggested the presence of subclasses of arabinans that limit the cell wall tolerance to adapt its plasticity. Indeed, when active in the Golgi compartment, the arabinan-degrading enzyme has shown that growth and development of potato tubers can bare a 70% loss of pectic arabinan (Skjøt et al. 2002) . In contrast, in muro endo-arabinanase activity led to drastic alterations that impact on plant viability (Skjøt et al. 2002) and highlighted the importance of arabinan for normal growth and development. Likewise, the arabinan-deficient-1 mutant of A. thaliana exhibits a 54% reduction of pectic arabinan in the stems, with no altered growth phenotype (Harholt et al. 2006) , and, the contrast in LM13 epitope detection between the immature and mature regions of its stems (see Supplementary Fig. S2 ) might also suggest the presence of distinct arabinans that respond differently to plant growth and development. It is of interest to note that, here, the recognition of specific arabinan features in distinct cell wall microdomains within the same cell type suggests that the function of arabinan involves a fine regulation of its branching. The extent of arabinan branching will result from a combination of arabinan synthesis prior to deposition/incorporation within cell walls and the in muro action of arabinanmodifying hydrolases that could act both to remove side chains to linearized arabinan and to degrade the unbranched arabinans (Beldman et al. 1997 , Verhertbruggen et al. 2009 ). Glycosyl transferases ARAD1 and ARAD2 act cooperatively to contribute to the generation of arabinan structures, although the details are not yet clear of the precise biochemical features that they contribute (Harholt et al. 2012) . ARAD1 is required for optimal occurrence of the LM13 linear arabinan epitope, whereas ARAD2 is not. In relation to cell wall modulations, A. thaliana arabinan hydrolases and bifunctional arabinofuranosidases/ xylosidases have been characterized that can act upon pectin arabinan in planta (Minic et al. 2006 , Chávez-Montes et al. 2008 , Arsovski et al. 2009 ), although details of the precise action of these enzymes in relation to both branched and linear arabinan structures are not yet known.
Compressive and penetrative assays show that knock-out plants deficient in arabinan synthesis exhibit a higher stiffness and a lower elasticity when compared with the wild type. These assays support the contribution of arabinans to cell wall flexibility. The increased resistance generated in the stems by mechanical stress also suggests that other cell wall components are involved in stem thigmomorphogenesis. Staining of b-glycans with Calcofluor White (see Supplementary Fig. S3 ) confirmed a change in the cell walls that may relate to cellulose structure. In order to understand how a linear arabinan is optimal for maximal flexibility, it will therefore be important to understand how arabinan domains are attached not only to other pectic domains but also to other cell wall components. It has been proposed that arabinan chains act to impart cell wall flexibility to guard cells by preventing pectic HG chains from interacting together (Jones et al. 2003) . How they achieve this is not understood in mechanistic terms. The current hypothesis is that arabinan side chains arising from RG-I backbones are highly flexible, space-filling structures that can intervene between nearby HG chains that otherwise would cross-link by means of calcium ions (Jones et al. 2003) . Some evidence has been obtained that indicates that arabinose-containing side chains can influence the rheological properties of in vitro pectic gels (Ngouémazong et al. 2012) . How closely the HG chains and the RG backbones, carrying arabinan side chains, are linked remains an open question. It is still debated how the HG and RG backbone are integrated within pectic macromoleculeswhether there is a linear galacturonan-rich backbone comprised of both HG and RG polymers or whether HG chains can in fact be side chains of the RG backbone in a manner to some extent equivalent to arabinan side chains (Vincken et al. 2003 , Verhertbruggen and Knox 2007 , Jarvis 2011 ,Yapo 2011 . Another important question concerns whether the arabinan chains are attached only at one end (to the RG backbone) and are highly flexible structures that can interpose between polymers (Ha et al. 2005) or whether they in fact are also linked at non-reducing ends possibly by hydrogen binding to cellulose microfibrils (Zykwinska et al. 2007 ). There are also questions of how other non-pectic, non-cellulosic polymers influence these polymer interactions. It has been shown that in some instances xyloglucan polymers can be covalently attached to pectic HG domains (Cumming et al. 2005, Popper and Fry, 2008) and, therefore, by implication, xyloglucan may be part of the same supramacromolecules as arabinan-rich RG-I domains. Some evidence has been obtained that pectin may influence the unfolding of xyloglucan chains during deformation (Abasolo et al. 2009) , and this could also, in theory, be influenced by the presence of arabinans-through, for example, the modulation of HG properties. A key question is the relative properties and roles of specific branched and unbranched arabinan structures in these contexts. In the wider context of cell wall structure, little is currently known about the spatial orientation of matrix polymers in relation to cellulose microfibrils or their interplay during mechanical deformation, although this is a key issue in understanding the biomechanical performance of plants from the cell to the tissue and to the organ level (Burgert 2006 , Thompson 2008 ).
Pectic arabinans and mechanoperception
Pectic arabinans have been implicated in fundamental plant processes including meristem function (Borkhardt et al. 2005 , Talboys et al. 2011 ) and cell adhesion (Iwai et al. 2001) . The work presented here extends our understanding of arabinan function in relation to organ biomechanics and, in addition to a demonstration of the impact on stem and epidermal cell wall biomechanical properties, we also show that altered arabinan structure (reduced occurrence of linear arabinan) obtained within the arad1 mutation can also influence the thigmomorphogenesis response to mechanical stress on a growing organ. The mechanism by which ARAD2 has a role related to that of ARAD1 is not through reduction of the LM13 epitope but presumably some other subtle impact on arabinan structure that cannot be detected in situ with the current set of arabinandirected probes.
An elongating organ such as the A. thaliana inflorescence stem is composed of separate tissues with different mechanical properties and will exhibit longitudinal tissue tensions that result in the transfer of cell wall stress from inner to outer cell layers that are known to control organ growth (Schopfer 2006) where we have detected arabinan structural modulations through the developmental regulation of the LM13 epitope. One possibility for the impact of the arad mutations on the thigmomorphogenesis response is that it is the altered stem mechanics (due to the presence of structurally altered arabinans) that lead to the differential responses to the imposed mechanical stress (brushing). Currently, little is known about how matrix polysaccharides feed into cell signaling processes and responses. Pectic arabinans may influence signaling mechanisms possibly through an influence on calcium ion, HG/oligogalacturonide and WAK protein interactions (Decreux and Messiaen 2005, Brutus et al. 2010 ) that are implicated in responses to mechanical stress (Lee et al. 2005 , Chebab et al. 2009 ). The loss of cell wall arabinan driven by microbial enzymes can be extremely disruptive to growth and development (Skjøt et al. 2002 , Borkhardt et al. 2005 . Taking these into account together with our penetrative assays on the stem epidermis that did not suggest a direct role for the LM13 epitope in providing maximal strain, we speculate a more direct role for cell wall arabinans in developmental regulatory events in growing tissues, and this could include a role in feedback of perceived mechanical stress in the regulation of growth. Understanding the mechanism of such a role will require further knowledge of arabinan structures within pectic matrices and also within cell walls and of any in muro interacting factors.
In summary, we have extended information on the heterogeneity of arabinan structures within cell walls in showing both that the LM13 linear arabinan epitope is developmentally regulated specifically in epidermal cell walls of the Arabidopsis inflorescence stem and also that its detection in these cell walls is modulated by mechanical stress. We also show that altered or disrupted arabinan structures (obtained through the arad1 and arad1 Â arad2 mutations) can be linked to reduced epidermal cell wall strain and increased stem stiffness. Moreover, we show that these disrupted arabinan structures can also compromise the responsiveness of a growing plant organ to an imposed mechanical stress. The mechanistic basis linking cell wall arabinan to these processes remains to be revealed.
Materials and Methods
Plant materials, growth conditions and imposition of mechanical stress
Arabidopsis thaliana (L.) Heynh seedlings were grown in a glasshouse maintained at 18 C with supplementary light during short days to achieve a 16 h/8 h (light/darkness) regime. The A. thaliana genotypes used in this study were the Col-0 ecotype (Lehle Seeds), the arad mutants (Harholt et al. 2006 , Harholt et al. 2012 and their quartet (qrt) background (Francis et al. 2006) which is here designated at the wild type throughout. No differences were observed between Col-0 and qrt in any assessment reported here.
Mechanical stress. Once inflorescence stems emerged, A. thaliana aerial organs were vigorously brushed with a 100% pure natural bristle Harris Classic brush (diameter: 12 mm) (L.G. Harris & Co. Ltd.) at the stem base three times per day for 10 s from day 1 to day 3 and for 15 s from day 4 to day 7 (see Supplementary Video S1). The brushing was carried out by rapid front to back movements all around each stem. Stem lengths were measured after 7 d. Mechanical stress was imposed on >150 plants per genotype in three independent experiments.
Preparation of plant materials for microscopy and indirect immunofluorescence imaging
Stem segments of 1 cm were harvested in three distinct regions along the A. thaliana inflorescence stems (top, middle and base) that were selected based on Moller et al. (2007) . For 30 cm high stems, 'top' was the region from 1.0 to 2.0 cm proximal to the apex, 'middle' was 15.0 cm distal from the rosette and 'base' was 1.0 cm distal from the rosette. For each subset, at least nine excised stem regions were fixed overnight in 4% paraformaldehyde in PEM buffer (50 mM PIPES, 5 mM EGTA, 5 mM MgSO 4 , pH 6.9) at 4 C. Before fine sectioning, the plant material was washed in phosphate-buffered saline (PBS). The stems were either transversally sectioned by hand to a thickness of approximately 100-400 mm or embedded in 7% agarose and sectioned with a Leica vibrotome to produce sections of 60 mm thickness. The experiments were done in triplicate and in all cases at least 100 sections were labeled per condition.
Transverse sections of A. thaliana stems were analyzed by immunofluorescence immersion microscopy as described (Verhertbruggen et al. 2009 ). The sections were incubated in primary rat monoclonal antibody [LM13 (Verhertbruggen et al. 2009 ) or LM6 (Willats et al. 1998) ] diluted in 5% milk protein in PBS (MP/PBS) for 60 min. The antibodies were used in the form of 5-fold diluted hybridoma cell culture supernatants. Following extensive washes in PBS, samples were incubated for 60 min in darkness with a 100-fold dilution of anti-rat IgG (whole molecule) linked to fluorescein isothiocyanate (FITC) in MP/PBS. The stem sections were washed three times in PBS and then incubated in 0.1 mg ml À1 Calcofluor White (Fluorescent Brightener 28, Sigma) in MP/PBS for 5 min at room temperature. Sections of A. thaliana stems were extensively washed in PBS and mounted in Citifluor AF1 with a glass cover slip. Immunolabeled stem sections were observed on a light microscope equipped with epifluorescence irradiation.
Biomechanical assessments
For the assay of compressive strength, the stem stiffness of the wild type, arad1, arad2 and arad1 Â arad2 (brushed, unbrushed) was analysed with a texture analyzer TA.XT plus (Stable MicroSystems) by measuring the force and the work required to compress the stems. Ten stem bases (1 cm length)-where brushing was applied-were aligned on the bottom of a hollow cylinder (internal part: diameter, 2.1 cm; height, 5 cm) and compressed with a steel cylinder (diameter: 2.0 cm) moving down at constant speed (0.01 mm s À1 ) until the stem diameter was reduced to 30%. Data were recorded on Texture Exponent 32 software when the force of resistance produced by the stems was !0.05 N. Maximal force and work of compression were calculated using Texture Exponent 32. The maximal force of compression corresponds to the force applied before disruption of the stems. Experiments were done in triplicate. Due to the setting of the experiments, it was not possible to calculate the strain. Similarly, the sensitivity of the assays did not allow observation of differences between the four genotypes when brushing was applied.
For the penetrative assays, the stiffness and the elasticity of a minimum of 20 plants were analyzed with a texture analyzer TA.XT plus each condition (brushed, unbrushed) and each genotype (wild type, arad1, arad2, arad1 Â arad2). Individual, freshly cut stem bases (2.5 cm long) were attached on the bottom surface of the texture analyzer and penetrated at constant speed (0.01 mm s
À1
) by a needle (diameter: 0.5 mm) (Neill tools Ltd.) fixed on a mobile arm moving from upward to downwards. The needle penetrated the stems to 70% of their diameter at a standard distance of 1 cm distal from the base. Data were recorded when the needle applied a force !0.05 N. Here, the maximal force recorded was the force required to penetrate the epidermis, and the work corresponded to the force applied to disrupt the epidermis over time. The strain was calculated as the percentage of deformation undergone before rupture compared with the stem diameter. The diameter of stems was recorded using an Electronic Digital Caliper (Control Company).
Statistical analyses were done using Origin 7.5 SR2 software (OriginLab Corporation). The data were submitted to the Student's t-test or one-way analysis of variance coupled with a Bonferroni test.
Supplementary data
Supplementary data are available at PCP online. 
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